E). The signal in (E) has been enhanced to show the synaptic branch and reveals diffuse puncta in the VNC, which we observe in mutant and in wild type. These puncta may correspond to the PVM axon, which runs along this region of the VNC (see [A]). The synaptic branches in (D) are out of the plane of focus. An arrowhead marks the vulva in (D) and (E). (F and G) Confocal images showing immunostaining of anti-GFP (green) and anti-MEC-7 (red), which labels microtubules unique to the mechanosensory neurons. The two GFP accumulations (green) in jsIs37 are at the intersection of the synaptic branches (red) and the VNC (F).
In a jsIs37 rpm-1(js317) mutant, both synaptic branches are present; an atypically small accumulation of GFP-tagged synaptic vesicles is present in one of the two branches (G). Scale bars, 10 m.
tions (Nonet, 1999) . The SNB-1::GFP DNA construct is we screened for mutated genes that alter this stereotypical pattern of presynaptic fluorescence in jsIs37 animals designed to fuse GFP to the integral membrane protein synaptobrevin (SNB-1), which is found on synaptic vesi-(see Experimental Procedures). From this screen, we identified the rpm-1 gene. The two rpm-1 alleles, js317 cles. In the stable strain jsIs37, SNB-1::GFP is expressed under control of the mechanosensory neuron-specific and js410, are recessive and have phenotypically similar GFP and behavioral phenotypes. Specifically, rpm-1 anipromoter p mec-7 (Hamelin et al., 1992; Mitani et al., 1993); hence, we label only those interneuronal synmals never display the two fluorescent patches in the VNC ( Figure 1E ) and are missing several puncta in the apses formed by the six mechanosensory cells ( Figure  1A ). jsIs37 animals respond to touch, behave, and denerve ring neuropil ( Figure 1C ). Observing staged populations, these phenotypes persist throughout developvelop like wild type (Nonet, 1999) . The pattern of vesicletagged fluorescence in these integrants is stereotypical ment (n ϭ 142); therefore, the rpm-1 defect is unlikely to have been caused by failure to maintain vesicles at and predicted. Fluorescence accumulations appear in the nerve ring and in the ventral nerve cord (VNC) neuthe synapse. The rpm-1 defect does not alter differentiation of the ropil, corresponding to glutamatergic synapses made by the mechanosensory neurons (White et al., 1986) . mechanosensory neurons. We still observe mec-7 ( Figure 1D) ; the remaining 10% have one patch (n ϭ 108). These patches arise during the first larval stage, 2D and 2F). Mechanosensory cell processes are fully extended, albeit often too far (see below). L1. They are situated where the PLM neurons have extended from each axon a branch, or "synaptic branch"
The rpm-1 phenotype does not reflect a general deficit in targeting to the appropriate target region. Despite (Chalfie et al., 1985) , that fasciculates with the VNC (Figures 1A and 1F) . In the VNC, PLM forms 11 closely the failure to accumulate synaptic vesicles, we often observe the normal pattern of synaptic branch targeting spaced en passant synapses onto 4 neuronal cell types (White et al., 1986) . Our laser ablation analyses indicate in rpm-1 mutants ( Figure 1G ). During development, most (59%, n ϭ 54) rpm-1 mutant animals extend a synaptic that each of these fluorescent patches derives from each of the bilateral neurons (data not shown). Thus, each branch from at least one of the bilateral axons. Nevertheless, branches appear to retract later in development patch represents multiple synapses.
To identify molecules that regulate synaptogenesis, (see below). Our data indicate that, for those neurons (Figure 3) . The average number of synaptic branches per normal morphology of these postsynaptic neurons (data not shown). mutant animal increases from 0.1 (n ϭ 57 animals) to 0.9 (n ϭ 58 animals); nevertheless, it never approaches rpm-1 mutants are mildly dumpy (Dpy) and have a subtle phenotype of retaining eggs (Egl); otherwise, they the wild-type standard of two synaptic branches per do not display any gross behavioral phenotypes. They animal, i.e., one branch from each bilateral PLM axon respond to touch, consistent with the observation that ( Figure 3 Figure 2D ), usually extending toward, and fasciculating in rpm-1 Mutants with, axon bundles in the VNC neuropil (Table 1) . Unlike In wild-type animals, PLM neurons differentiate and the synaptic branch, the ectopic axonal extension apcomplete most axonal outgrowth in the embryo (Sulston pears to be maintained throughout development ( Figure  et al., 1983) . Just after hatching, these neurons have a 3), and the phenotype is completely penetrant in adults process extending to the midbody region, adjacent to raised at 22.5ЊC (Table 1) . Such aberrant growth, comthe ALM soma. While this axon grows in length as the bined with the failure to properly localize synaptic vesianimal grows during development, the end of the axon cles, is consistent with a model whereby the neuron fails relative to the ALM soma is maintained ( Figure 2C , to form mature synapses at the appropriate time and arrow). Prior ultrastructural analysis indicates that there are no synaptic specializations at this ending or along place; as a consequence of retrograde signaling, the Certain rpm-1 phenotypes in the mechanosensory average number of patches per animal is 1.90 when raised at 22.5ЊC (n ϭ 108), and 1.97 when raised at 15ЊC neurons depend on temperature. Accumulation of synaptic vesicles (see below) and stabilization of the synap-(n ϭ 105). On the other hand, the presence of patches in rpm-1 animals shows temperature-sensitive variability. tic branch are temperature sensitive. In adults that have been raised at 22.5ЊC, we observe a synaptic branch in When the animals are raised at 22.5ЊC, we never observe the wild-type pattern of two patches (n ϭ 142). Instead, 14% of the axons, whereas in animals that have been raised at 15ЊC, the number of synaptic branches obalmost all (130 of 142) animals lack fluorescence accumulations along the VNC; the remaining 12 of 142 show served increases 4-fold (Table 1 ). In contrast, the phenotype of ectopic branching from the end of the axon is one patch of fluorescence. The calculated average number of patches per animal raised at 22.5ЊC is 0.08. In not temperature sensitive; we observe altered axonal morphology in all animals raised at 22.5ЊC and in 98% contrast, mutant animals raised at 15ЊC show greater fidelity in accumulating tagged synaptic vesicles. The of animals raised at 15ЊC (Table 1) .
majority ( (Table 2) . Nevertheless, there were ‫%52ف‬ fewer puncta in the DNC of rpm-1 sis or the L1 stage showed few fluorescent patches along the VNC ( Figure 4B ). In contrast, so long as they mutants. Moreover, anti-Rim puncta were more variably distributed in rpm-1 animals, forming clusters and gaps remained at the permissive temperature throughout the L1 stage and into part of L2, it did not matter typically not seen in wild type (Figures 5E-5H; Table 2 ). Our analyses do not indicate whether these clusters of that, subsequently, mutant animals were shifted to the higher nonpermissive temperature. Moreover, even when labeled presynaptic specializations represent an increased number of active zones in individual neurons rpm-1 mutants were raised at the nonpermissive temperature through embryogenesis, they still showed a or a redistribution of motor neurons, such that those synapses that are present are more closely associated. 
rpm-1 Is Expressed in Neurons
To determine those cell types that express the rpm-1 gene, we designed a promoter fusion DNA construct (pSAM1), attaching GFP to ‫2ف‬ kb of putative native promoter sequence ( Figure 6B rpm-1 mutants upon screening for disruption of SNBlocus. Normally, PLM extends a synaptic branch perpendicularly from the middle of the axon, in a defined 1::GFP patterning in GABAergic motor neurons.
Certain phenotypes in rpm-1 mutants, including the region between PVM and the vulva. Perhaps, in rpm-1 mutants, the machinery for synaptic branch extension failure to accumulate tagged vesicle fluorescence along the VNC, are temperature sensitive. The results of our is misrouted to the inappropriate intracellular location (Schuman, 1999) . On the other hand, such machinery temperature shift experiments demonstrate that there is a discrete window of sensitivity and that this window could normally be distributed uniformly along the axon, but local cues regulating the locus of branch extension coincides with synaptic vesicle accumulation at PLM synapses in normal development. Our molecular and are somehow disrupted in rpm-1 animals. We note that normal and ectopic targeting are not mutually exclusive: genetic data suggest that the two rpm-1 alleles we isolated represent complete loss-of-function mutations. a single PLM neuron can display both a synaptic branch and ectopic growth from the end of the axon. Both alleles are recessive and phenotypically similar. The js317 allele, in trans to a deficiency that deletes this
We favor the first hypothesis, that RPM-1 is part of a mechanism to effect neuronal maturation. This explanagenomic region, is viable and shows the same patterning of GFP fluorescence observed in js317 homozygotes.
tion is more consistent with the phenotype of synaptic branch retraction. Moreover, a role in maturation is comThe js317 and js410 lesions are early stop codons, so are predicted to severely truncate the protein. These patible with the motor neuron phenotypes. We observed that the SAB motor neurons in rpm-1 sprouted additional data suggest that RPM-1 protein is absent in the mutants. Accordingly, our shift experiments comment on branches, similar to sprouting in SAB neurons induced by deficits in synaptic activity (Zhao and Nonet, 2000) . mechanism rather than protein function and reveal a mechanism that is temperature sensitive in the absence
In the DNC neuropil, there were fewer presynaptic densities (see also Zhen et al., 2000) . Wider gaps between of RPM-1. We note, however, that interpretation of the shift data is complicated by the gene F07B7.X, encoding these labeled presynaptic specializations could simply reflect that many specializations are missing in mutant a duplication of the first 1950 amino acids of RPM-1. F07B7.X is likely expressed and retains the RCC1 and animals. We also observed that labeled presynaptic specializations in the DNC appeared to aggregate. Perhaps PHR motifs found in RPM-1. Thus, the F07B7.X gene product may share certain functions in common with these aggregations represent the addition of active zones within individual motor neurons. Alternatively, RPM-1. If this is so, our shift data would reflect manipulation of this "RPM-1" activity. they may be generated by a redistribution of existing synapses. Regardless of any possible RPM-1 function in the mutants, (1) there is a particular time, namely, early larval Our observations of these changes in presynaptic labeling and in morphology of mechanosensory and motor development, when rpm-1 mutants are temperature sensitive, and (2) during this time, the requirement for neurons thus may reflect a primary defect in synapse formation. Failure of synapses to form or to mature may, RPM-1 can be bypassed via maintenance at a lower temperature. The simplest explanation for these data is in turn, generate distinct cellular responses, depending on cell type. Such diverse effects would be consistent that RPM-1 function ordinarily is required during the period of synaptogenesis.
with prior demonstrations in C. elegans of differential sensitivity to perturbations in activity Zhao and Nonet, 2000 
